P elements are a family of mobile DNA elements found in Drosophila. P-element transposition is tightly regulated, and P-element-encoded repressor proteins are responsible for inhibiting transposition in vivo. To investigate the molecular mechanisms by which one of these repressors, the KP protein, inhibits transposition, a variety of mutant KP proteins were prepared and tested for their biochemical activities. The repressor activities of the wild-type and mutant KP proteins were tested in vitro using several different assays for P-element transposase activity. These studies indicate that the site-specific DNA-binding activity of the KP protein is essential for repressing transposase activity. The DNA-binding domain of the KP repressor protein is also shared with the transposase protein and resides in the N-terminal 88 amino acids. Within this region, there is a C 2 HC putative metal-binding motif that is required for site-specific DNA binding. In vitro the KP protein inhibits transposition by competing with the transposase enzyme for DNA-binding sites near the P-element termini.
Introduction
Certain Drosophila melanogaster strains carry a family of transposons, called P elements, in their chromosomes, and these strains are referred to as P strains (Engels, 1989; Rio, 1990 Rio, , 1991 . P-strain flies have the ability to inhibit P-element mobility and possess a regulatory state termed 'P cytotype.' M-strain flies, which lack functional P elements, possess an 'M cytotype' state which is permissive for P-element transposition. P strains typically carry two types of P elements: the 2.9 kb full-length element capable of encoding the transposase enzyme, and smaller, internally deleted elements of 0.5-2.8 kb that can be mobilized in the presence of the trans-acting transposase protein. Full-length P elements encode a pre-mRNA with four exons that can be alternatively spliced to produce either the 87 kDa transposase protein or a truncated 66 kDa repressor protein .
The transposase enzyme mobilizes P elements by a cutand-paste mechanism (Kaufman and Rio, 1992) . Trans-
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© Oxford University Press posase recognizes DNA sites near the P-element termini and makes a staggered cleavage at each end to excise the transposon from the donor site (Kaufman et al., 1989; Beall and Rio, 1997) . The 3Ј cleavage sites are at the ends of the P element, and the 5Ј sites are cleaved 17 bp internal to each end within the 31 bp terminal inverted repeat (Beall and Rio, 1997 ). The excised element is then inserted into a new target site, and the double-stranded break at the donor site is repaired using host cell enzymes. Upon integration of the transposon into a new site, an 8 bp target site duplication is produced (O'Hare and Rubin, 1983) .
All P elements carry DNA sequences at the ends of the transposon that are important for transposition. There are binding sites for the P-element transposase located near each end of the transposon which are absolutely required for transposition (Kaufman et al., 1989; Mullins et al., 1989) . The innermost portion of a terminal 31 bp inverted repeat at each end of the P element is also recognized by the transposase enzyme during transposition (Beall and Rio, 1998) . In addition, the Drosophila IRBP/Ku p70 host protein, one component of the DNA-binding subunit of the DNA-PK enzyme (McConnell and Dynan, 1996) , binds to the outer portion of the 31 bp inverted repeat directly adjacent to the cleavage site (Rio and Rubin, 1988; Mullins et al., 1989; Beall et al., 1994) . The Ku-DNA-PK cs complex is known to function during the repair of double strand DNA breaks during V(D)J recombination in mammalian cells (Rathmell, 1994; Taccioli et al., 1994; Blunt et al., 1995; Boubnov et al., 1995; Finnie et al., 1995; Kirchgessner et al., 1995) and appears to be conserved in yeast (Boulton and Jackson, 1996a,b; Feldmann and Winnacker, 1993; Feldmann et al., 1996; Milne et al., 1996) . In Drosophila, IRBP/Ku p70 is required for the repair of P-element transposase-induced DNA breaks in vivo (Beall and Rio, 1996) . Finally, there is an internal 11 bp inverted repeat at each end of the transposon which acts as a transpositional enhancer in vivo (Mullins et al., 1989) .
In vivo, P-element transposase activity is tightly regulated by P-element-encoded repressor proteins (Rio, 1990) . The 66 kDa protein, which is produced from an alternatively spliced form of the transposase pre-mRNA, has been demonstrated to repress transposition in vivo (Robertson and Engels, 1989; Misra and Rio, 1990) . In addition, some of the smaller P elements have been characterized genetically and shown to repress transposition in vivo (Black et al., 1987; Simmons et al., 1990; Rasmusson et al., 1993) . One of the most common of these truncated repressors, called the KP element, has a large internal deletion that removes P-element nucleotides 808-2560 and encodes a 207 amino acid protein of which the first 199 amino acids are identical to the N-terminus of transposase enzyme.
The KP protein contains the site-specific DNA-binding domain that recognizes the transposase-binding site (Lee et al., 1996) . This region of 98 amino acids (ΔZIP) contains a C 2 HC putative metal-binding site Miller et al., 1995) . The KP protein also binds to the 11 bp transpositional enhancer sequence as well as to portions of the 31 bp inverted repeat. In addition, there are two protein-protein interaction motifs that mediate dimerization: a leucine zipper motif that contains four leucines in a heptad repeat, and a basic C-terminal region of the protein (Lee et al., 1996) . However, mutations in either one of these two domains do not impair the ability of the protein to dimerize. For instance, mutating the second and third leucines in the leucine zipper to prolines produces a protein, referred to as KP(LP/LP), that behaves identically to the wild-type KP protein with respect to DNA binding and dimerization activity. Likewise, ΔCOO, a protein that retains the leucine zipper sequence but has a deletion of the C-terminal portion of the protein, behaves similarly to the wild-type KP protein. However, mutation of the second and third leucines in the zipper motif to prolines in the truncated ΔCOO protein results in a protein that no longer dimerizes but can still bind with high affinity to P-element DNA.
There are several possible models by which the KP repressor protein might inhibit transposition. The protein might compete with transposase for its binding site on the P-element DNA. Because the protein-protein interaction domains identified in the KP protein that mediate homodimerization are also found in the transposase enzyme, the repressor protein might also inhibit transposase activity by forming inactive heteromultimers with transposase.
In order to investigate the mechanism by which the KP protein represses transposition, we characterized a series of mutant KP proteins biochemically. These KP mutants were tested for their ability to bind DNA and to affect transposase activity in vitro using several different assays. We found that the P-element site-specific DNA-binding domain resides in the first 88 amino acids and contains a C 2 HC putative metal-binding site. Our results indicate that site-specific DNA-binding activity of the KP protein is essential for transpositional repression in vitro.
Results
To investigate the molecular mechanism by which the KP protein represses transposition, we determined the activities of the KP protein essential for inhibiting transposase activity in vitro. To analyze the individual activities of the protein, we generated mutant proteins that were defective in either multimerization or site-specific DNAbinding activity.
The P-element site-specific DNA-binding domain maps to the N-terminal 88 amino acids To generate a protein which retains the site-specific DNA-binding activity but does not have the ability to multimerize, small C-terminal deletion mutants of the KP protein were made. Proteins corresponding to the Nterminal 73 and 88 amino acids, referred to as PN73 and PN88, respectively, were expressed in Escherichia coli ( Figure 1A , top). Soluble protein was purified by standard ion-exchange chromatography ( Figure 1B ) (see Materials and methods). The molecular weights of the purified peptides were confirmed by mass spectroscopy (data not shown).
The DNA-binding activity of both of these proteins was tested by a DNase I footprint protection assay ( Figure  2A and B). A 5Ј-end 32 P-radiolabeled probe corresponding to the left end of the P-element transposon was used in this assay. The PN88 protein bound site-specifically to the P-element DNA at the transposase-binding site ( Figure  2A , lanes 2-6), as was previously observed for KP repressor protein (Lee et al., 1996) . However, the PN88 protein bound the DNA with a lower affinity (K d ϭ 20 nM; Figure 2A ) than that of full-length KP protein (K d ϭ 3 nM) (Lee et al., 1996) . In contrast, the PN73 protein did not possess site-specific DNA-binding activity ( Figure 2B, lanes 2-4) . At the highest concentration of protein tested, PN73 bound only non-specifically to Pelement DNA ( Figure 2B , lane 4). These results indicate that residues critical for site-specific DNA binding are located in the 14 C-terminal residues of PN88. These residues might either interact directly with the DNA or be important for the proper folding of the DNAbinding domain.
PN88 lacks the dimerization motifs that are present in the full-length KP protein and should therefore not form oligomers ( Figure 1A ). To verify that the PN88 protein Fig. 2 . DNA-binding activity of the KP mutant proteins. The ability of proteins to bind P-element DNA was determined by a DNase I footprint protection assay. The probe used was an XhoI-EcoRI fragment from the pN/P175TpBXho plasmid (Kaufman et al., 1989) . In each 50 μl reaction, 1.5 fmol of probe 32 P 5Ј-end labeled at the XhoI site was used. (A) Lane 1, no protein; lanes 2, 3, 4, 5 and 6, PN88 at concentrations of 15, 30, 60, 120 and 240 nM, respectively. (B) Lane 1, no protein; lanes 2, 3 and 4, PN73 at concentrations of 120, 240 and 480 nM, respectively; lanes 5, 6 and 7, PN88 at concentrations of 120, 240 and 480 nM, respectively. (C) Lane 1, no protein; lanes 2 and 3, 3 and 6 nM of KP, respectively; lanes 4-7, 3, 6, 12 and 24 nM of KP(CA/CA), respectively; lanes 8-11, 3, 6, 12 and 24 nM of KP(HA/CA), respectively. cannot multimerize, the protein was treated with a covalent cross-linking reagent, ethylene glycol bis(succinimidylsuccinate) (EGS), and subjected to electrophoresis on an SDS-polyacrylamide gel to visualize any higher order oligomeric species ( Figure 3A ). As expected, the PN88 protein did not form dimers. Thus, the PN88 protein retains site-specific DNA-binding activity in the absence of dimerization.
The N-terminal C 2 HC motif is essential for sitespecific DNA binding To generate a KP protein that retains the ability to multimerize in the absence of site-specific DNA-binding activity, mutations were made in the C 2 HC putative metalbinding domain located at the N-terminus of the KP protein ( Figure 1A ). While this region is highly conserved among P-element DNA sequences derived from diverse species of Drosophila and related insects (Miller et al., 1995) , we have been unable to detect a dependence of DNA-binding activity on metal (C. Lee and D.Rio, unpublished data) . The fourth and eighth residues (cysteines) were changed to alanines to produce the mutant KP(CA/CA) protein. In addition, the mutant KP(HA/CA) protein was generated by changing residues 18 and 22 (a histidine and a cysteine, respectively) to alanines. Previous experiments have demonstrated that mutation of only one of these analogous residues in a metal-binding domain, such as in the retroviral nucleocapsid protein, is sufficient to disrupt metal binding and any associated metal-dependent activity (Eagle and Klessig, 1992) .
The mutant proteins were prepared using the prokaryotic expression system described for the PN73 and PN88 proteins (see Materials and methods). Both mutant KP proteins were found to be insoluble, as previously observed for the wild-type KP protein (Lee et al., 1996) . Both mutants were solubilized from inclusion body preparations with 6 M guanidine hydrochloride and refolded by step dialysis into decreasing concentrations of urea. The refolded proteins were purified by standard ion-exchange chromatography ( Figure 1C ) (see Materials and methods).
The DNA-binding activity of the two mutant KP proteins was characterized using a DNase I footprint protection assay ( Figure 2C ). Unlike the wild-type KP protein ( Figure  2C , lanes 2-3), neither of the mutant KP proteins demonstrated any site-specific DNA binding to the P-element DNA. The mutant KP(HA/CA) protein strongly bound the P-element DNA non-specifically ( Figure 2C , lanes 8-11). When lower concentrations of the KP(HA/CA) protein were tested, no specific footprint over the P-element DNA sites was detected, although less non-specific binding was observed (K d ϭ 1.5 nM, data not shown). In contrast, the mutant KP(CA/CA) protein bound non-specifically to the P-element DNA only at the highest concentration tested (K d ϭ 13 nM; Figure 2C , lanes 4-7). These results demonstrate that residues within the N-terminal C 2 HC motif are essential for site-specific DNA binding by the KP protein.
The wild-type KP protein forms dimers in solution through both the leucine zipper and C-terminus of the KP protein (Lee et al., 1996) . It was anticipated that the KP(HA/CA) protein should also dimerize, since both of these sequences are present in this mutant protein. To test this hypothesis, the KP(HA/CA) protein was treated with the cross-linking reagent, EGS, and the products were analyzed by electrophoresis on an SDS-polyacrylamide gel. The mutant KP(HA/CA) protein formed dimers with an efficiency similar to that of the wild-type KP protein ( Figure 3B ). The finding that the KP(HA/CA) protein forms dimers also indicates that the HA/CA mutation does not cause a global structural disruption in the protein since the dimerization motifs are located in the C-terminus of the protein. Taken together, these results show that mutation in the C 2 HC motif abolishes site-specific DNA binding but not dimerization of the KP repressor protein.
Inhibition of P-element transposition by KP protein in vitro requires site-specific DNA-binding activity
The wild-type and mutant KP proteins were tested in in vitro transposition assays to determine the molecular mechanism of repression. We first tested whether the wildtype KP protein could inhibit transposase activity in the in vitro transposition assay diagrammed in Figure 4 ( Kaufman and Rio, 1992) . In this assay, transposase activity is detected by mobilization of a P element encoding the tetracycline resistance gene to a plasmid carrying the ampicillin resistance marker. The reaction products are transferred into E.coli, and the frequency of transposition scored as the ratio of amp R tet R to amp R colonies in the reaction mixture. We performed the assay in the presence or absence of the KP repressor protein. If KP can inhibit transposase activity, then a reduction in the amp R tet R plasmids recovered in the assay should be observed. The results of the in vitro transposition repression assay are shown in Table I . Addition of the wild-type KP repressor Fig. 4 . P-element transposition assay. Transposase with or without repressor protein is incubated on ice for 20 min with donor plasmid P1-Pwt-tet which contains the tetracycline resistance gene (tet R ) flanked by P-element ends (heavy arrowheads). pBluescript target plasmid with ampicillin resistance gene (amp R ) in GTP reaction buffer is then added, and the reaction is allowed to proceed at 37°C for 2 h. After the reaction is stopped, the DNA transposition reaction products are extracted and isolated. Recovered DNA is electroporated into E.coli, and equal amounts of cells are spread on plates containing either ampicillin (amp) alone or ampicillin and tetracycline (amp-tet). The ratio of amp R to amp R -tet R colonies is a measure of the level of P-element transposition. protein significantly inhibited transposition (see Table I ; 3% of the control lacking repressor). This result indicates that the KP protein is capable of repressing P-element transposase activity in vitro.
To determine whether the mode of repression by the KP protein on transposase activity is through DNA binding, heteromultimerization with transposase, or both, we assayed the repression activity of the mutant derivatives of the KP protein. The KP(HA/CA) mutant, which lacks the ability to bind site-specifically to P-element DNA but is still able to form multimers, did not repress transposition even at the highest concentration of protein tested (Table I ). This result indicates that site-specific DNA binding is essential for the KP repressor protein to inhibit transposition in vitro.
To investigate whether multimerization of the KP protein has a role in transpositional repression, we used the truncated PN88 protein that contains the site-specific DNA-binding domain but lacks the dimerization domains of the KP protein. When the PN88 protein was added to the in vitro transposition reaction, transposase activity was inhibited significantly (see Table I ; 20% of the control lacking repressor). However, the repression activity of the PN88 protein was~6-fold less than that of the wild-type KP protein. This result is consistent with our DNA-binding studies, which showed that PN88 binds to the transposase site with~6-fold lower affinity than the full-length KP protein (see above). Taken together, these results demonstrate that the site-specific DNA-binding activity of the KP repressor protein is essential for inhibiting P-element transposition in vitro. The ability of the protein to multimerize is not essential in vitro since the PN88 protein can still repress transposition.
Repression of P-element excision also requires site-specific DNA-binding activity The P-element transposition reaction can be divided into two steps: donor DNA cleavage and strand transfer into a target DNA. To determine at which step of the transposition reaction the KP protein is mediating repression, we first tested the different repressor proteins for repression activity during donor DNA cleavage as diagrammed in Figure 5A (Beall and Rio, 1997) . In this assay, a plasmid containing a 628 bp P element was used as the cleavage substrate by the transposase protein in the presence or absence of the repressor proteins. Cleavage products, including the excised P element, were detected following DNA blot hybridization of the reaction products. If the KP protein can repress transposase-mediated donor DNA cleavage activity, then a reduction in the amount of the excised P-element intermediate should be observed.
We found that the wild-type KP protein inhibited transposase cleavage activity at the highest concentration of KP protein tested ( Figure 5B, lane 4) . We also found that the DNA-binding mutant KP(HA/CA) protein failed to repress cleavage activity using the same concentrations of wild-type and mutant KP proteins ( Figure 5B , compare lanes 4 and 7). In contrast, the PN88 protein repressed Pelement transposase-mediated cleavage activity ( Figure  5B, lane 10 ). These results demonstrate that the transposase-mediated activity is inhibited by the site-specific DNA-binding activity of the KP repressor protein. Similarly, the ability of the KP repressor protein to multimerize does not appear to be required for repression.
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Fig. 5. Repression of P-element excision. (A) P-element excision assay. Transposase with or without repressor protein is incubated on ice for 20 min with pISP-2/Km plasmid which contains a 628 bp P element. GTP reaction buffer is then added, and the reaction proceeds for 2 h at 37°C. After the reaction is stopped, the DNA transposition reaction products are extracted and isolated. The DNA is electrophoresed on an agarose gel and transferred to a nitrocellulose membrane. The P-element DNA, including the excised P-element transposon, is detected by probing the membrane with a radioactive probe corresponding to a portion of the transposon DNA. (B) DNA from the P-element excision assay was electrophoresed on a 1% agarose gel, blotted onto nitrocellulose membrane and probed with radiolabeled fragments corresponding to the P element and the molecular weight markers. Bands were visualized by autoradiography. The excised P element is indicated by the arrow. Lane M, marker; lane 1, no repressor protein; lanes 2-4, 2, 8 and 32 pmol of wild-type KP protein, respectively; lanes 5-7, 2, 8 and 32 pmol of KP(HA/CA), respectively; lanes 8-10, 2, 8 and 32 pmol of PN88, respectively.
Repression of P-element transposase-mediated strand transfer in vitro requires KP DNA-binding activity
Following excision of a P element from the donor DNA, the transposase protein catalyzes the integration of the P element into a new target site by a reaction termed strand . Repression of P-element strand transfer. (A) P-element strand transfer assay. Transposase with or without repressor protein is incubated for 20 min on ice with radioactively labeled oligonucleotides corresponding to the 5Ј P-element end with either a wild-type or mutant transposase-binding site. pBluescript tetramer target DNA in GTP reaction buffer is then added to the mixture, and the reaction proceeds for 2 h at 37°C. After the reaction is stopped, the DNA is extracted, isolated and electrophoresed on an agarose gel. The gel is dried, and the level of strand transfer of each reaction is determined by the amount of radioactive single-and double-ended strand transfer products. (B) Recovered DNA from the strand transfer assay was electrophoresed on 0.7% agarose gel and visualized by autoradiography. Lane 1, oligonucleotide with mutant transposasebinding site and no repressor protein; lane 2, oligonucleotide with wild-type transposase-binding site and no repressor protein; lanes 3-5, 2, 8 and 32 pmol of wild-type KP protein, respectively; lanes 6-8, 2, 8 and 32 pmol of KP(HA/CA), respectively; lanes 9-11, 2, 8 and 32 pmol of PN88, respectively.
transfer. Strand transfer can be performed in vitro using short, radiolabeled, double-stranded DNA oligonucleotide substrates carrying a 31 bp terminal inverted repeat and a transposase-binding site along with the authentic 17 bp staggered cleavage site as diagrammed in Figure 6A (Beall and Rio, 1998) . Transposase activity is measured by the transfer of either one or two oligonucleotide substrates to a circular plasmid target as determined by a shift in the radioactivity from the free substrate to the plasmid target DNA following agarose gel electrophoresis. To determine 4171 whether the repressor proteins could also inhibit transposase-mediated strand transfer, the oligonucleotide substrate was incubated with transposase in the presence or absence of repressor proteins, and the reaction products were analyzed. If the repressor proteins inhibit transposasemediated strand transfer activity, then a reduction in the single-and double-ended strand transfer products should be observed.
We found that the wild-type KP protein repressed the transposase-mediated strand transfer ( Figure 6B, lanes 4  and 5) . In addition, the PN88 protein also repressed transposase-mediated strand transfer activity ( Figure 6B , lanes 10 and 11), although to a lesser extent than the wild-type KP protein. Finally, the DNA-binding mutant, KP(HA/CA), failed to repress transposase-mediated strand transfer activity ( Figure 6B, lanes 7 and 8) . As a control, we tested an oligonucleotide substrate that contained a mutant transposase-binding site. We found that this mutant substrate was not used by transposase enzyme to produce significant levels of strand transfer products ( Figure 6B , lane 1). Together, these results demonstrate that the KP repressor activities that are critical for inhibition of transposase-mediated strand transfer activity are similar to those required for transposition and donor DNA cleavage activities. These experiments also indicate that the Pelement repressor proteins can act both at the donor cleavage and strand transfer steps of the transposition reaction.
Discussion
We show that the site-specific DNA-binding activity of the KP protein is essential to repress transposase activity in all of our in vitro transposase activity assays. A high (~30:1) molar ratio of repressor to transposase protein was required to inhibit transposition in vitro. This finding is consistent with the observation that transposase protein levels in vivo are very low (undetectable by immunoblot analysis), yet the 66 kDa repressor protein is easily detectable (Misra and Rio, 1990) .
The inability of the KP(HA/CA) protein, which has no site-specific DNA-binding activity but which can multimerize, to repress transposase activity shows that the ability to multimerize is not sufficient to inhibit transposition. Previous studies showed that, unlike transposase which binds only to its single recognition site at each end of the P element by DNase I footprint protection analysis (Kaufman et al., 1989) , the KP repressor binds to both the transposase-binding site and the 11 bp internal transpositional enhancer sequence (Lee et al., 1996) . Binding of the KP protein to the enhancer sequence suggests that the repressor protein may block transposase complex assembly by preventing a transient interaction of transposase with the enhancer sequence. This mode of repression is similar to the mechanism of Mu transposition inhibition by the Mu repressor protein. In the case of Mu, the repressor protein inhibits transposition by binding to the IAS enhancer sequence to block assembly of the Mu transposase monomers into an active tetramer (Leung et al., 1989; Mizuuchi and Mizuuchi, 1989) . The bacterial insertion sequence IS1 also encodes a repressor protein that binds to sites internal to the transposable element (Zerbib et al., 1990a,b ).
There are other mechanisms which have been suggested to explain how the shorter, internally deleted, P elements present in P strains can repress transposition. For instance, the repressor proteins might inhibit transposition at the transcriptional level, since the transposase-binding site overlaps the P-element promoter (Kaufman et al., 1989; Lemaitre and Coen, 1991; Lemaitre et al., 1993) . In addition, there are models which do not involve P-elementencoded proteins. It has been postulated that the truncated P elements may repress transposition through the production of antisense P-element RNA. This type of antisense mechanism has been shown to operate for the bacterial transposon Tn10 (Kleckner et al., 1996) . Previous data demonstrated the existence of a very short P element, termed SP, that represses transposition (Rasmusson et al., 1993) . The SP element may encode a 14 amino acid peptide that is thought to be incapable of repressing transposition due to its small size (Rasmusson et al., 1993) . Instead, it is hypothesized that the SP element is inserted into a genomic location such that an antisense RNA is produced which is responsible for the observed repression. The antisense RNA model was investigated more thoroughly in vivo using a series of transgenic Drosophila lines carrying transgenes that encoded Pelement antisense RNA (Simmons et al., 1996) . These lines are able to repress transposition in vivo, which provides evidence that is consistent with the antisense RNA model of transpositional repression. However, it is unclear whether an antisense RNA is actually produced in the transgenic fly lines. All of these models of repression of P-element transposition are not mutually exclusive, and it is possible that repression occurs through a combination of different mechanisms including the model presented here.
Our current results are contrary to the findings of a different series of experiments in which transgenic Drosophila lines transformed with different KP expression constructs were generated and tested for their ability to repress P-element transposition by several genetic assays (Andrews and Gloor, 1995) . These studies found that amino acid changes or deletions within the KP protein leucine zipper motif impair the ability of the mutant proteins to inhibit transposase activity in vivo. Thus, it was suggested that heteromultimerization of the KP and transposase proteins played a critical role in repressing transposition. However, these experiments did not address either oligomerization of the KP protein in vivo or whether the amino acid changes or deletions altered the stability (and hence apparent activity) of the mutant proteins. Based on our in vitro studies with wild-type and leucine zipper mutant KP proteins, it is possible that the leucine zipper mutations that were tested in vivo do not affect oligomerization of the KP protein since there is a second proteinprotein interaction domain found near the C-terminus of the protein that is sufficient for oligomerization in vitro (Lee et al., 1996) . In addition, we found that a KP protein mutated in the leucine zipper domain, KP(LP/LP), represses transposase activity to the same extent as the wild-type protein in all the in vitro assays described herein (data not shown). However, at this point, it is still possible that heteromultimerization may play a role in transpositional repression in vivo.
We also show that the KP protein represses both the 4172 donor DNA cleavage and the strand transfer steps of the P-element transposition reaction. If the transposition reaction is inhibited at the donor DNA cleavage step, then the formation of double-stranded breaks generated by excision of the P element by transposase is prevented. It is also possible that a second level of repression occurs at the strand transfer step of the reaction to prevent integration of an excised P element in vivo. The ability of the KP repressor protein to function at both catalytic steps of the P-element transposition reaction may serve as a fail-safe mechanism to prevent integration of excised P elements that escaped repression by KP at the donor cleavage step of the reaction.
Materials and methods

Recombinant DNA
The first 621 nucleotides of the coding sequence of the transposase KP(CA/CA) and KP(HA/CA) proteins were resynthesized to match the optimal Drosophila codon usage in order to maximize protein production in a variety of expression systems (Ashburner, 1989) . Similarly, the entire coding sequence of PN73 and PN88 were resynthesized. The KP(CA/CA) and KP(HA/CA) constructs were generated by sitedirected mutagenesis of the wild-type KP template using oligonucleotides containing the mutations of interest and uracil-substituted single-stranded DNA as previously described (Kunkel et al., 1987) . PN73 and PN88 were generated by PCR with oligonucleotides corresponding to the 5Ј end of the KP sequence and the desired 3Ј end of the truncated mutant. The PCR fragments were gel purified and subcloned into the pRSETA vector (Invitrogen). To maximize protein expression, an eight amino acid cistron was cloned upstream of all genes (Schoner et al., 1990) .
All mutations were confirmed by DNA sequencing.
Protein expression and purification
Wild-type KP protein was expressed and purified as previously described (Lee et al., 1996) . All mutant derivatives of the KP protein described herein were produced in a prokaryotic expression system. Escherichia coli BL21(DE3)::pLysE cells were transformed with the pRSETA vector (Invitrogen) containing the protein-coding sequences of interest and grown at 37°C. Protein expression was induced with isopropyl-β-Dthiogalactopyranoside (IPTG) when the optical density of the cells at 600 nm reached 0.5. Two hours after induction, cells were harvested by centrifugation and resuspended in lysis buffer containing 50 mM Tris-HCl (pH 7.6), 1 M NaCl, 0.2 mM EDTA, 1 mM dithiothreitol (DTT) and 1 mM phenylmethylsulfonyl fluoride (PMSF). The cells were frozen in liquid nitrogen, thawed, sonicated and spun at 100 000 g to separate soluble and insoluble proteins. KP(CA/CA) and KP(HA/CA) were found in the insoluble inclusion body fraction and solubilized with 6 M guanidine hydrochloride in the above buffer. The proteins were refolded by step dialysis in buffers consisting of 50 mM Tris-HCl (pH 7.6), 500 mM NaCl, 200 μM ZnCl 2 , 1 mM DTT, 1 mM PMSF and decreasing concentrations of urea for 10 h at 4°C. PN73 and PN88 were both soluble. All proteins were purified on SP-Sepharose and Q-Sepharose columns in buffers consisting of 25 mM HEPES-NaOH (pH 8.0), 10% glycerol, 0.2 mM EDTA, 1 mM DTT, 1 mM PMSF and NaCl.
The transposase enzyme was purified using a modified protocol which had been described previously (Kaufman et al., 1989) . We used an expression construct containing the transposase open reading frames with the third intron removed to allow for the production of the enzyme, and transcription of the gene was driven by the copper-inducible metallothionen promoter. This construct was used to generate a stably transformed Drosophila Schneider cell line. These cells were grown in spinner culture, and protein expression was induced with 0.7 mM CuSO 4 12 h before harvesting the protein.
Cells were collected by centrifugation and resuspended in buffer containing 10 mM HEPES-KOH (pH 7.6), 15 mM KCl, 2 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 0.5 mM DTT, 0.2 mM PMSF, 1 mM Na 2 S 2 O 5 and 50 mM NaF. After 20 min on ice, the cells were lysed by Dounce homogenization. The nuclei were then collected by centrifugation at 8000 g and resuspended in buffer containing 14 mM HEPES-KOH (pH 7.6), 13.5 mM KCl, 4.8 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 0.5 mM DTT, 0.2 mM PMSF, 1 mM Na 2 S 2 O 5 and 50 mM NaF. The nuclei were then lysed by addition of 1/10 volume of a saturated (NH 4 ) 2 SO 4 solution (pH 7.6), mixed at 4°C for 30 min, the mixture was centrifuged at 100 000 g for 30 min and the supernatant was collected. For each ml of supernatant, 0.3 g of (NH 4 ) 2 SO 4 was added to precipitate the transposase enzyme. After 20 min of stirring on ice, the sample was centrifuged at 18 000 g for 10 min and the pellet containing transposase was resuspended in buffer containing 25 mM HEPES-KOH (pH 7.6), 20% glycerol, 0.4 M KCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.2 mM PMSF, 1 mM Na 2 S 2 O 5 and 50 mM NaF. The sample was dialyzed in the same buffer but containing 0.1 M KCl.
The extract was then fractionated on a heparin-agarose (Bio-gel A15m) column. The 0.1 M KCl flow-through fraction contained the transposase used in all the assays described herein.
Protein cross-linking analysis EGS (Pierce) was dissolved in dimethylsulfoxide to make a 4 mM stock (10ϫ). Approximately 100 nM protein was cross-linked with 400 μM EGS for 30 min at room temperature in 40 μl of buffer containing 25 mM HEPES-NaOH (pH 7.6), 10% glycerol, 100 mM NaCl, 0.2 mM EDTA and 1 mM DTT. The reaction was quenched by addition of 4 μl of 1 M Tris-HCl (pH 8.0)/1 M glycine.
Proteins were subjected to electrophoresis on an SDS-polyacrylamide gel, transferred to nitrocellulose and blocked in 5% milk in 1ϫ phosphatebuffered saline (PBS) containing 0.5% Tween-20. The blocked membrane was probed with anti-KP polyclonal antibody that was generated in rabbits using recombinant KP protein. The primary antibody was detected with horseradish peroxidase-conjugated goat, anti-rabbit, IgG antibody using the ECL detection kit (Pierce).
DNase I footprint protection analysis DNA binding of the repressor protein derivatives to the P-element DNA was assayed as previously described (Lee et al., 1996) . Proteins were incubated with 1.5 fmol of 5Ј 32 P end-labeled probe on ice for 20 min in 50 μl of buffer containing 25 mM HEPES-NaOH (pH 8.0), 10% glycerol, 100 mM NaCl, 0.2 mM EDTA, 0.05% NP-40 and 1 mM DTT. Then 50 μl of buffer consisting of 10 mM MgCl 2 and 5 mM CaCl 2 was added followed by 1 μl of 1.25 μg/ml DNase I (Worthington, DPFF grade). After 1 min of cleavage by DNase I at room temperature, the reaction was stopped with 100 μl of an SDS solution. Following phenolchloroform extraction and ethanol precipitation, the cleaned DNA was analyzed on 7% urea-polyacrylamide gels. Dissociation constants were calculated as previously described (Lee et al., 1996) .
Transposition assay P-element transposition was measured essentially as described (Kaufman and Rio, 1992) . Approximately 1 pmol of transposase enzyme was preincubated with or without repressor protein on ice for 20 min in 35 μl of binding buffer consisting of 16 mM HEPES-KOH (pH 7.6), 13% glycerol, 0.15 mM EDTA, 0.6 mM DTT and 126 μg/ml bovine serum albumin (BSA). Then 250 ng of donor plasmid P1-Pwt-tet containing the tetracycline resistance gene flanked by P-element ends was added to the reaction. After another 20 min on ice, 100 ng of pBluescript tetramer target plasmid was added in 84 μl of GTP reaction buffer containing 8.75 mM HEPES-KOH (pH 7.6), 7% glycerol, 21 mM NaCl, 0.07 mM EDTA, 0.35 mM DTT, 70 μg/ml BSA, 15 mM MgCl 2 and 3 mM GTP.
After 2 h at 25°C, 250 μl of stop buffer consisting of 50 mM Tris (pH 8.0), 10 mM EDTA, 0.3 M NaCl, 300 μg/ml carrier RNA and 0.1 mg/ml proteinase K was added, and the reaction was incubated at 37°C for another 30 min. The reactions were then extracted with phenol and chloroform, and the plasmid DNA was recovered by ethanol precipitation. The DNA was electroporated into the E.coli strain AG1574. Cells were grown on Luria-Bertani agar plates containing either ampicillin alone or ampicillin and tetracycline.
Excision assay P-element excision was monitored in an in vitro assay (Beall and Rio, 1997) . Approximately 1 pmol of transposase was incubated with or without repressor protein in 35 μl of binding buffer on ice for 20 min. Then, the plasmid pISP-2/Km containing a 628 bp P element was added to the reaction. After another 20 min on ice, 84 μl of GTP reaction buffer was added, and the reactions were allowed to proceed at 25°C for 2 h. The reactions were then stopped and the DNA isolated as described for the transposition assay (see above).
The recovered DNA was then subjected to electrophoresis on a 1% agarose gel with molecular weight markers (Gibco-BRL). The DNA was transferred to a nitrocellulose membrane, and the excised P element was visualized by DNA blot hybridization using a 32 P-radiolabeled
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EcoRI-EagI restriction fragment corresponding to the P element from the pISP-2/Km plasmid. Radiolabeled markers were also used to visualize the size markers.
Strand transfer assay
The strand transfer reaction conditions were similar to those described for the transposition reaction with the following difference (Beall and Rio, 1998) . The strand transfer assay used radiolabeled oligonucleotides corresponding to the P-element ends instead of P1-Pwt-tet. The sequence of the oligonucleotides pairs containing the wild type and mutant transposase binding sites were: 5Ј-AGGTGGTCCCGTCGGCAAGA-GACATCCACTTAACG-3Ј, 3Ј-GTACTACTTTATTGTATTCCACCA-GGGCAGCCGTTCTCTGTAGGTGAATTGC-5Ј; and 5Ј-AGGTGGT-CCCGTCGGCAAGAGACCGTAGTGCTGCG-3Ј, 3Ј-GTACTACTTT-ATTGTATTCCACCAGGGCAGCCGTTCTCTGGCATCACGACGC-5Ј, respectively.
The DNA that was recovered from the reaction was then subjected to electrophoresis on a 0.7% agarose gel. The gel was dried and exposed by autoradiography to X-ray film to visualize the strand transfer products.
